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ABSTRACT 

Recent results in the field of Heavy Quarkonia are reviewed, with results either 
providing new precision measurements or addressing key unanswered questions. 



1 Introduction 

Heavy quarkonia exhibit features similar to the positronium spectrum: a dis- 
crete system of states with the spacings and transition rates dictated by the 
binding force, which in this case is the strong interaction. Investigating heavy 
quarkonia therefore enables us to study important aspects of QCD. While heavy 
quarkonia parton level decay by annihilation is a perturbatively calculable pro- 
cess, transitions among them are not as they are soft due to the energy spread 
between the states, which is below 1 GeV. 



Theory has made progress recently that indicates the need for experimen- 
tal results at the few percent level in precision. On the other hand, there are 
important unanswered questions where experimental information is scant. The 
following results have been selected so as to address one or the other. 

In view of the very limited space available for this report, no figures are 
shown, but references to publications where they can be found are given. More 
V'(25') results from BES were presented in a separate talk by X.H. Mo at this 
conference. 

2 Spectroscopy 

2.1 Measurements of the 77^ MassDl 

After the first evidence for the 77^ more than twenty years ago, which established 
it from the direct Ml transition ')p(2S) ~> 777^, the experimental picture has 
consolidated in the past two years: In _B v'c^^ e'^e^ J/iprj'^, and 77 77^ 
studies, the 77^ mass is found to be around 3638 MeV, or 44MeV higher than 
measured before. This means that the 2^Si-2^So mass splitting is reduced by 
a factor of two, and is now two times smaller than the hyperfine splitting at 
77, = 1. Comparing these two is interesting because, due to the difference in cc 
distance, they sample different areas of the binding potential, which connects 
the confinement region with that of asymptotic freedom. 

2.2 X(3872)I3 

Since the discovery of the "X{3872)" by Belle and subsequent confirmation 
by BaBar, CDF, and DO, several attempts to explain this narrow state have 
been made on the theory side. Among the plausible ones are that it could be 
a charmonium state, a DD molecule, or even an exotic state. Experimental 
efforts have focussed on studying decay or production modes that can clarify 
the nature of this state by virtue of establishing its quantum numbers. The 
decay mode X tt+tt^ J/-0, which gives rise to the state's characterization 
as "charmonium-like" , remains the only one seen so far. The dipion mass 
distribution is of special interest as one hopes to answer the question whether 
or not the decay proceeds through an intermediate p. In this context, searching 
for A"(3872) tt^tt^J/i/i is of special importance. CLEO has engaged in a 
search for X(3872) in two-photon fusion and ISR production, using 15fb~^ 



of data at \/s = 9.46 — 11.30 GeV. This allows access to J^'^ = 1~~ and 
2n^+. Preliminary upper limits have been placed: Tee x I3{X tt+tt" J/-0) < 
6.8 eV or 1% of the production rate of ip{2S) in ISR events (assuming a similar 
branching fraction S^+^-j/^), and {2J+l)r^^xB{X tt^tt^J/iP) < 16.7eV, 
or one tenth of the rjc production rate in two-photon fusion. A similar ISR study 
has been done of BES data, using using 22.3 pb^^ at — 4.03 GeV, which 
arrived at an upper limit of Tee x ^{X — > tt^tt^ J/tp) < 10 eV. 

2.3 Transitions 13 

Transitions between states of heavy onia are by emission of photons or hadrons 
such charged pion pairs, neutral single pions or pion pairs, and etas. In bot- 
tomonium, also an u transition has recently been observed as the first non- 
pionic hadronic transition in T(3S') 7x61,2(26'), Xbi,2 wT(lS'). The 
branching fractions are found to be substantial and also in compliance with a 
prediction for them to be about equal: B{xbi[2] — > ujT{1S) = (l-63lo'32io'ii) 
[(1.10^0 28^0 10)] Radiative decays to Ts are, to date, the only other known 
exclusive decay mode of the Xbj states, and are only a factor 5-6 more common. 

While 77 and single 7r° transitions have been seen in charmonium, with 
recent BES studies showing a much increased precision over previous results, 
a similar measurement in bottomonium is yet to be made. 

Dipion transitions are the most common ones both in cc and bb. Naively, 
one would expect that the ratio of branching fractions for neutral and charged 
modes would be, related by isospin, 1:2. A direct measurement of this quantity 
resulted in Biip{2S) t:°7t°J/iIj)/B{^P{2S) tt+tt-J/tP) = 0.570 ± 0.009 ± 
0.026; taking the most recent PDG values for the individual branching fractions 
yields 0.59 ± 0.04. An interesting new measurement has been made by BaBar, 
using radiative return events to the ip{2S) in 90fb~^ of T(4S') data. They find 
B{i^{2S) Tr+TT-J/tJj) = 0.361 ± 0.40, which decreases the ratio by over 12%, 
thereby bringing it within reach of 0.5. 

3 Decays 

3.1 V(3770) non-Di5?El 

The experimental indication for the existence of a significant ■0(3770) non-DD 
hadronic decay width stems from the difference between early total hadronic 



and the D pair production cross section measurements: a{ip{3770) DD) = 
5.0±0.5nb, cr(V'(3770) hadrons) = 7.8±0.8nb. This invites the the following 
set of questions: Which non-DD channels are available to -0(3770) decay? Can 
the measurement of the total hadronic cross section be confirmed? Can the 
measurement of the D-pair production cross section be confirmed? 

As to the last question, preliminary measurements seem to indicate a 
higher D-pair production cross section: C7{ip{3770) DD)^^^^ = (5.78 ± 
0.11 ± 0.38) nb, (j(^/'(3770) DD)^^^ = (6.51 ± 0.44 ± 0.39) nb. The experi- 
mental techniques are somewhat different in that BES tags one of the D mesons, 
thereby gaining statistical advantage, while CLEO tags both D mesons, result- 
ing in independence from external branching fractions. While there is an indica- 
tion that the gap might not be as wide as previously thought, about 20% of the 
total width of (23.6 ± 2.7) MevEl remain currently unaccounted for. Convinc- 
ing unanimous evidence for what this gap is filled by has yet to be presented. 
The BES collaboration measured S(V'(3770) tt+tt-J/?/-) = (0.34 ± 0.14 ± 
0.08)% or r(V'(3770) tt+tt" J/V') = (80 ± 32 ± 21) keV, which is to be com- 
pared with an upper Hmit set by CLEO of S(i/'(3770) tt+tt- J/?/;) < 0.26% 
(90% CL). However, this channel, even if contributing of the order of 100 keV 
to the decay width, will not be able to account for the discrepancy previously 
observed. Radiative '(/'(3770) decays are estimated to amount to at most a 
few hundred keV. In addition, the question whether or not there are hadronic 
non-DD decays of the V'(3770) is interesting in the context of mixing scenar- 
ios. If mixing is at work, the modes expected from J/?/; that seem suppressed 
at the tp{2S) can give rise to a partial width at the "0(3770). An improved 
understanding of 0(25') decays will aid in settling this question. 

3.2 Decay into lepton pairsl^ 

Studying bottomonium decay into lepton pairs provides access to the total 
width, which at some lOkeV for the narrow T(1,2,3S') resonances is below 
the typical beam energy spread of an e'^e" collider of a few MeV, through 
Ttot = ^u/l3ee- In practice, the most precise measurement comes from em- 
ploying lepton universality and using Fee together with i3^^. Measurements of 
dilepton branching fractions are interesting in their own right to confront LQCD 
predictions (the precision of which has reached the percent level now), to test 
lepton universality, and to compare Tu with the hadronic widths ^ ggg,^gg,qq- 



CLEO studied T(l/2/35) fi+^r production using 1.1/1.2/1.2 fb"^ 
on-resonance and 0.19/0.44/0.16 fb"^ off- resonance data. The CLEO results, 
corrected for interference with continuum, are: B{T{l/2/3S) — 
(2.49 ± 0.02 ± 0.07)/(2.03 ± 0.03 ± 0.08)/(2.39 ± 0.07 ± 0.10)%, to be compared 
with the PDG values of 5) (2.48 ± 0.06)/(1.31 ± 0.21)/(1.81 ± 0.17)%. This 
illustrates that the desired precision to keep up with progress in Lattice QCD 
has been reached. Since the CLEO ;B(T(2,35') are found to be substantially 
higher, thereby reducing the total width by the same percentage, predictions 
for cascade decays such as T(35) JXtj 77^(25*) are bound to change. 

3.3 Baryon pair production in J/ip and Xcj decays ^ 

BES used their 58M J/^p sample to measure B{J/ip pp) = (2.26±0.01±0.14). 
This is the single most precise measurement of this branching fraction to date. 
The angular distribution is fit with the expression dN / dcosOp ^ l-\-ap cos^ Op, 
where 9p is the angle between the proton and the beam direction. Neglecting 
baryon and quark masses one would expect a = 1 for all baryons; including 
masses yields ap = 0.66 and aA — 0.51. The experimental results are a'^^ = 
0.676 ± 0.036 ± 0.042 and a^^ = 0.52 ± 0.33 ± 0.13, in agreement with the 
prediction. Proton pairs are produced about twice as copiously in J /tp decays 
as AA pairs. In ip{2S) decays, their branching fractions are comparable. 

Baryon pairs from Xcj decay can be observed through ip{2S) IXcj 
jBB and compared with the Color Octet Model prediction that one should 
expect half as many AA events as pp events. These have been made based 
on Xcj pp measurements, which they describe well, and then generalized to 
other baryons. The BES Xcj AA results from 14M i){2S) decays indicated an 
excess over this prediction by about a factor of two rather than a suppression, 
which has been confirmed as the branching fractions B{xcj ^ Pp) have been 
remeasured. 

3.4 "Heavy to Heavy": Charmonium in T(IS') DecaysIS' 

The Color Octet Mechanism (COM) bb gcc, ggcc was employed to explain 
J/tp production rates that could not be attributed to the thus far successful 
Color Singlet Model (CSM), which employs bb ggcccc. The two approaches 
predict different J/ip momentum spectra as well as angular distributions and 
branching fractions for T(IS') J/tpX. A portion of the observed J ftp signal 



will be from T(IS') ^ ^{2S),Xcj + Xi J/V^ + Xa (not observed before). The 
magnitude of this feed-down contribution is also predicted by the two models. 

A CLEO study of charmonium production in T(15) data intends to shed 
additional light onto the question which mechanism is at work. Data taken on 
or near the T{AS) resonance is appropriately scaled and used to calculate the 
continuum background, which is small in comparison with the signal. 

The inclusive branching fraction T(15) J /ip + X \s measured to be 
(6.4 ± 0.4 ± 0.6) X 10""*, in comphance with both COM and CSM predictions, 
both at about 6 x 10^'*. The process T ^ 7* ^ J/V-' + X is linked 

with the continuum process e^e~ — s- 7* — > — > J + X and can thus be 
estimated relative to the process T — > ggg,gg"f — > J/ip + X. The sum of the 
gluonic reactions dominates at a ratio of about 9:1. Also, the Jf-ip momentum 
spectrum, scaled according to J/^p momentum x — Pj/jf,/pmax to eliminate 
beam energy dependence, has been measured. The COM predicts a peak at 
the highest x values, whereas the CSM shows an accumulation around x = 0.5. 
The measured spectrum peaks at x = 0.3. The situation is complicated by the 
fact that final state interactions, which could in principle soften the predicted 
spectra somewhat, have not been taken into account in the predictions. 

Other results of this work include the first determination of the branching 
fractions of and feed-down from T(IS') — > tp{2S),Xcj + X, J = 1,2, which is 
found to be a factor of two above both the CSM and the COM predictions. 
(Since B{xcO ^ J/'4'l) is an order of magnitude smaller than B{xc[i,2] ~* 
J /ip^), the absence of a signal for xm is not surprising.) 

3.5 "Heavy To Light" Charmonium Decaysl^ 

Decays of charmonia into light hadrons have often be studied in the light of the 
"12% rule". This is a scaling prescription connecting '(p{2S) and J/ip decays 
into hadronic final states. It allows one to compare the branching fraction ra- 
tio with that for decay into lepton pairs, which is measured to be 12% 13. 
Modifications to this simple picture arise from non-relativistic corrections, 
form factor dependence on the two different center-of-mass energies, powers 
of ois{'m^(2S)) / OLs{inj/-ip), and many more. Exact agreement with the predic- 
tion is therefore not to be expected. However, even with a more generous view 
some modes exhibit a substantial suppression, such as pn and K*K. It has 
been conjectured that the suppression is related to quantum numbers and that 



vector pseudoscalar final states might be especially affected. Also, interference 
with continuum could play an important role as for tiny branching fractions 
the resonant and non-resonant cross section may be of comparable magnitude. 
Finally, it is possible that the prescription only holds for electromagnetic pro- 
cesses (cc ^ 7* — + gg), but not for those mediated by decay into gluons. This 
would imply that isospin violating modes, where the otherwise dominant glu- 
onic process is absent, are of special importance to study. A consistent picture 
has thus far not emerged, partly due to lack of experimental data. 

CLEO and BES have brought forward new tp{2S) — > VP measurements. 
The most prominent channel is i^{2S) — > p7r, which constitutes a big branching 
fraction on the J/ip. It is not understood why it is so rare in ip{2S) decays. 
Another interesting feature is the different population of the Dalitz plane from 
what is seen in continuum and J /ip. These two show clear p bands over some 
non- resonant background, whereas ijj{2S) decays appear to proceed dominantly 
non-resonantly. To determine what mechanism is at work, a partial wave anal- 
ysis would be helpful, which is not possible with the data at hand. 

4 Summary and Acknowledgements 

Experimental progress continues in the area of heavy quarkonia, thereby adding 
puzzle pieces to our understanding of many aspects of QCD. It is to be hoped 
that with future larger data samples more precision studies become feasible 
and that the remaining undiscovered states disclose themselves. 

The author wishes to thank her many colleagues who provided analysis 
results, discussion, and guidance. 
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